NE of the difficulties involved in determining experimentally the exact r8le which the kidney plays in the pathogenesis of hypertension has been the impossibility of ablating this organ without introducing the fatal effects of interfering with its normal excretory function. For this reason, it has been impossible to apply the simple experimental procedure of extirpation which has aided so much in the elucidation of the function of other organs. It is, in fact, generally assumed that bilateral nephrectomy causes no change in the blood pressure. However, animals subjected to this procedure in the past have survived for such relatively short periods and were in such poor condition that any conclusion as to the effect of nephrectomy on the blood pressure based on observations of such animals is not convincing.
1n another group of dogs, the right ureter was freed from its accompanying blood vessels, ligated in close proximity to its entrance into the bladder, and cut. The ligated end proximal to the bladder was buried by fine sutures into the serosal lining of the bladder. The open end was transfixed with three sutures which were then passed through an opening into the small bowel and an uretero-intestinal anastomosis performed by the usual surgical procedures. This is essentially the Coffey operation as performed on the human subject2 except for the fact that the implantation is made into the small intestine from which the urine is resorbed.
In a comparable series of animals the right ureter was implanted into the abdominal vena cava and the left kidney ablated. Approach to the vena cava was either through a circular incision across the upper abdominal wall or preferably through a right rectus incision. After exposing the vena cava a segment was isolated between clamps, the ureter prepared as described in the preceding paragraph, and anastomosed to an opening made in the vena cava. After an interval of one to 3 weeks to allow union at the site of the anastomosis, the contralateral kidney was removed through a lumbar incision.
In the fourth series of animals, both ureters were doubly ligated and divided or the right ureter ligated and divided, and after a period of at least two weeks, the left kidney was ablated.
Mean blood pressures were determined by direct puncture of the femoral artery with a No. &gauge needle attached through a 3-way valve to a syringe and to a mercury manometer (I).
Two procedures have been utilized for abolishing uremia and prolonging life of the animals prepared as described above. Prolongation of life for several days beyond that normally observed in the absence of renal excretory function was made possible by feeding the animals a diet practically free of electrolytes. Such a diet was prepared either by dialysis of the animals' normal food or by feeding a mixture of casein with a very low sodium content3 to which was added glucose and lard. Animals maintained on such diets remain in much better health following bilateral nephrectomy and survive longer than do those on a free diet. We have observed that the intensity of many of the symptoms observed in the nephrectomized animal, as well as in the human patient dying in uremia, is apparently due to the accumulation of ingested electrolytes (particularly potassium) for it is greatly mitigated if electrolytes are excluded from the diet.
The survival period of the nephrectomized dog varies usually between 2 and 7 days, depending on the original state of health of the animal, the operative procedure, conditions under which the animal is kept etc. Under the conditions of our experiments, survival extended from 2 to 5 days. However, when the animals were given a 'salt-free' diet, as described above, survival was extended to at least 5 days and usually longer. To maintain animals with no renal function beyond this time required the application of an 'artificial kidney' to remove the accumulated urea and other waste products from the body and to maintain normal water, electrolyte and acid-base equilibria.
The use of the artificial kidney has been described elsewhere (4) . Its successful application made it possible to prolong the life of bilaterally nephrectomized dogs dogs otherwise deprived of renal excretory function for periods sufficiently long or to permit one to draw definite conclusions as to the role of the kidney in the pathogenesis of hypertension. It was necessary to apply the artificial kidney on the 5 th or 6th day following exclusion of renal excretory function and at intervals of 3 or 4 days thereafter. The femoral artery was ligated and the blood, after passing through the 'artificial kidney', returned to the femoral vein. A period of dialysis of 2+ to 3 hours was usually required to lower the urea content of the blood from 470 to 600 to less than IOO mg. per cent.
RESULTS
EJect of Bilated Nephrectmay. In table I are given the mean blood pressures of 38 dogs following bilateral nephrectomy. It is evident from the results that following removal of the kidneys there is a tendency for the blood pressure to rise. This rise is evident on the third day following nephrectomy and increases thereafter as long as the animal survives. In ten inmJms ww 35,39,54,7% 75,762 84,W 89, 93, and 96) values of 150 mm. Hg, which is usually taken as definite evidence of hypertension in the dog, were not attained. However, even in the case of these animals there is in every case but one (dog 35) a tendency for the blood pressure to rise above the preoperative level. The average mean blood pressure as seen in the last line of of table 1 rises gradually over the preoperative level as survival is extended.
Microscopic study of the tissues of the nephrectomized animals revealed (5) widespread cardiac damage-subendocardial hemorrhages, myocardial necrosis etc.-which would tend to prevent a sustained maximal rise in blood pressure. This is comparable to the decline in blood pressure observed in human hypertensives suffering from cardiac failure. The changes in the heart account probably for the observed rises being less pronounced than they might otherwise be.
The general trend of the blood pressure rise in the nephrectomized dog is shown graphically in figure I in which data on 5 dogs are reproduced to show the gradual rise and extent of the blood pressure rise which follows nephrectomy.
Eject of B&fed
Ureteral Ligation.
In table 2 are recorded the blood pressure responses of 12 dogs in which both ureters were ligated and divided, the kidney being left intact. This operation, in accord with the findings of earlier observers (~-IO), results in a rise in blood pressure which is sometimes evident on the day following the ligation and reached its maximum (with the single exception of dog 23) on the fourth day, declining thereafter to the normal level. This secondary decline has been overlooked by previous workers since their animals failed to survive for a period sufficiently long for it to manifest itself.
Ligation of the ureters results in hydronephrosis and marked changes in the kidneys as well as in a period of survival which is less than that observed following nephrectomy. The observed rise in blood pressure is apparently due to the liberation of a pressor agent from the injured kidney for a similar rise is noted even when only Arrows indicate the animal was attached to the 'artificial kidney' on that day. pressures in mm. Hg.
Mean blood one ureter is ligated as shown in table 3 and fails to occur if one implants the ureter into the small intestine or vena cava as shown later. As seen in table 3, there is a rise in blood pressure following ligation of one ureter, the contralateral kidney and ureter being left intact. Except in dog 88, which remained hypertensive during the 3 months it survived the operation, the blood pressure in the other animals returned to its normal preoperative level and remained so. In the case of dog 88, we are presumably dealing with the occasional animal in which unilateral nephrectomy, unilateral application of a figure-of-eight ligature, or other interference with renal Arrows indicate time when animal was attached to 'artificial kidney' for a period of 2 to 3 hours.
Mean blood pressures in mm. Hg.
function as by ligation of the ureter s&ices to induce permanent hypertension without removing the contralateral kidney as is usually necessary (I, I I). Bilateral ureteral ligation not only stops the excretory activity of the kidney but also interferes with its blood supply because of pressure on the renal pelvis. There is congestion of the kidney, hydronephrosis and often perirenal hemorrhage. Nevertheless, certain activities of the kidney are apparently still preserved, for example, its glycogenic function (12) and presumably its capacity to maintain a normal blood pressure after subsidence of the acute rise which follows this operation. In order to avoid the changes induced by ureteral ligation, the following observations in which the ureter was implanted into the gut or vena cava were performed.
Elect of Implanting the Right Ureter in Small Intestine and Ablating Left Kidney. As a control for the experiments cited in which both kidneys were removed, the right ureter was implanted into the duodenum or jejunum and several weeks later the left kidney was removed. The blood pressures of such animals as shown in Table 4 does not become elevated when the animals survive (by the aid of the artificial kidney), as in the case of dog 77, for as long as a month. The blood urea levels of such animals rise essentially to the same levels as those observed in bilaterally nephrectomized dogs as is evident from the data of table 5. Mean blood pressure in mm. Hg. Despite the rapid rise in non-protein-nitrogen of the blood which follows the implantation of a ureter into the duodenum and removal of the contralateral kidney, it may be objected that such preparations are not comparable to the bilaterally nephrectomized animal since some constitutents other than the non-protein-nitrogenous bodies may not be reabsorbed from the intestine. Such an assumption is compatible with the observations of previous investigators who have noted that the degree of uremia and the period of survival of such animals is dependent upon the level at which the anastomosis is made. If made high in the duodenum, complete reabsorption of the urine occurs, there is a rapid increase in the non-protein-nitrogen level of the blood, and the animals survive for periods comparable to that following nephrectomy (13 there is no increase in the creatinine, creatine, uric acid or amino acid content of the blood and the animals survive for periods of 14 to 20 days (14). Eject of Implanting the Right Ureter in Vena Cava and Removing the Left Kidney. In order to obviate the objections that the failure of the blood pressure to rise in dogs with a ureteral implant into the duodenum is due to the excretion by the bowel of certain catabolites, the series of experiments cited in table 6 were performed in which the ureter was implanted into the abdominal vena cava. Under these conditions no excretion is possible while relatively normal renal tissue remains in the organism. Arrows indicate days on which animals were attached to the articial kidney.
As noted in table 6, the blood pressure under these conditions remains at its normal level.
DISCUSSION
In figure 2 are illustrated graphically the effects on the blood pressure of the various manipulations on the kidney carried out in the present investigation. The curves were constructed by averaging the differences between the blood pressure on each day following operation and the pre-operative levels. It is evident from figure  2 and the data of tables I to 6 that bilateral nephrectomy results in hypertensive blood pressure levels in the dog, and that in the presence of renal tissue in the body, as in the uretero-intestinal and ureterovenous anastomoses, despite the absence of excretory function, the blood pressure remains at its normal level. When, however, the ureters are ligated there is an acute rise in blood pressure which returns to normal at a time when the blood pressure in the nephrectomized animal is still rising. The latter rise is generally accepted as being due to the liberation of a pressor agent (angiotonin or hypertensin) from ischaemic renal tissue. If only one ureter is ligated, this transient rise in blood pressure also appears and if the contralateral kidney is removed after the blood pressure returns to normal, no further elevation in blood pressure occurs. Previous investigators have also noted the maintenance of a normal blood pressure level following the anastomoses of the ureters and the ileum (IS> or the venous circulation (9, IS) and following bilateral occlusion of the renal veins (16) . However, in these experiments the animals survived for only 3 days or less when all excretory function was abolished. Consequently, they are of little signincance since one may justifiably attribute the observed results to the poor state of the animals or a failure of sticient time to elapse for hypertension to manifest itself.
The rise in blood pressure to hypertensive levels of the nephrectomized dog obviously cannot have been due to the liberation of renin (hypertensin) or other pressor agents derived from the kidney since no renal tissue was present in the animal. Nor can it be argued that the rise in pressure was due to any interference with normal hemodynamics by the use of the artificial kidney since the rise in pressure was evident even before the animal was subjected to this manipulation, and no rise occurred when uremic animals with renal tissue present were treated similarly. The failure of previous investigators (17) to be impressed by the rise in blood pressure induced by nephrectomy must be attributed to the poor condition of their animals, as evidenced by the short period of their survival.
As a matter of fact, perusal of the literature reveals instances of hypertensive levels in dogs following nephrectomy, as, for example, in the papers of Wintermitz, et al. (IS), and Harrison, et al. (8) in whose series of nephrectomized animals several instances of definite hypertension occurred. However, since these rises occurred only occasionally, they were disregarded by these authors.
The present experiments offer direct evidence for the view that the kidneys exert an action other than their excretory function in the organism (19, 20) .
Not only is this demonstrated by the difference in the observed blood pressures in the presence and absence of renal tissue but also in the fate of the animals under the two conditions. The bilaterally nephrectomized animals, despite the removal of the excretory products by the 'artificial kidney', developed those pathological changes in the tissues which are associated with so-called malignant hypertension. These occasionally included hemorrhages in the eye-grounds and changes in the arterioles, skeletal muscles, myocardium and smooth muscle generally. Intussusception of the intestine which is connnon in dogs in which malignant hypertension is induced by the application of a clamp to one renal artery and removal of the opposite kidney occurred in over IO per cent of our nephrectomized dogs surviving 8 days or more. A detailed pathological report of these studies and their implications will be reported elsewhere (5). They offer material evidence for determining the relative role played by the elevation in blood pressure, the accumulation of waste products and the presence or absence of renal tissue in inducing the pathologic changes observed in malignant hypertension.
Geer and Dragstedt (IS) concluded from their observations on 4 dogs that the deviation of urine from one kidney into the blood stream produces no toxic symptoms. However, one of their 4 animals died on the 13th day while the others were killed on the IIth, 28, and 37th day. In our own series, 4 dogs in which the contralateral kidney was not removed died on the 7th, Izth, 13, and 30th days. It would appear therefore, that diversion of the urine into the blood stream is not entirely innocuous as appears also from our pathological studies of the tissues of these animals.
It may be objected that under the experimental conditions in which renal tissue is present without elevation in the blood pressure, the blood pressure fails to rise because of the detrimental effects of the experimental procedures. However, in cases of the uretero-intestinal anastomoses, the lesions present were much less pronounced than in those of bilaterally-nephrectomized dogs which in comparable periods of time manifest definite hypertension. In cases of the uretero-venous anastomoses, also, survival extended well beyond the time that elevations in blood pressure appear in the bilaterally nephrectomized animals. Our data also show that there is no close correlation between the elevation of the blood pressure and the severity of the lesions seen at autopsy. The effect of the following procedures on the mean blood pressure of the dog was determined: I) bilateral nephrectomy; 2) bilateral ligation of both ureters; 3) ligation of one ureter, the other remaining intact; 4) implantation of one ureter into the small bowel with removal of the contralateral kidney; and 5) implantation of one ureter into the abdominal vena cava with removal of the contralateral kidney. The period of survival of the animals deprived of renal excretory function was prolonged by maintaining them on an electrolyte-free diet and by application of an artificial kidney at intervals of 4 or 5 days.
The blood pressure of the nephrectomized animals gradually rose to hypertensive levels and at autopsy revealed the pathological findings of malignant hypertension. Ligation of the ureters resulted only in a temporary rise in blood pressure. If the contralateral kidney was removed following the return of the blood pressure to normal, no elevation in blood pressure occurred. Likewise, in animals with one ureter implanted in the small intestine or into the vena cava and the contralateral kidney removed, no hypertension resulted.
It is concluded that nephrectomy results in hypertension and that the presence of intact renal tissue is essential for the maintenance of the normotensive state. The present studies offer direct evidence for the view that the kidney normally, in addition to its excretory function, also exerts a function which is concerned in the maintenance of normal blood pressure levels. Hypertension of renal origin according to this view is not due to the liberation of a pressor agent, but results from a failure of this activity of the kidney.
